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Abstract

Spectral resolution remains one of the most significant limitations in the NMR study of biomolecules. We present the
stNOESY (super resolution nuclear overhauser effect spectroscopy) experiment, which enhances the resolution of NOESY
cross-peaks at the expense of the diagonal peak line-width. We studied two proteins, ubiquitin and the influenza hemagglu-
tinin fusion peptide in bicelles, and we achieved average resolution enhancements of 21-47% and individual peak enhance-
ments as large as ca. 450%. New peaks were observed over the conventional NOESY experiment in both proteins as a result
of these improvements, and the final structures generated from the calculated restraints matched published models. We
discuss the impact of the experimental parameters, spin diffusion and the information content of the srtNOESY lineshape.
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Introduction

NMR spectroscopy is a valuable tool in the elucidation
of bonding topology, molecular structure and molecular
dynamics in chemistry and structural biology. Yet, the com-
plexity and size of interesting biomolecules still limits the
utility of NMR in structural studies. As molecules become
larger, the number of resonances grows with the number
of atoms and tumbling (rotational) times increase, thereby
producing lower resolution spectra with broadened and more
numerous peaks. Consequently, the study of large biomol-
ecules is prohibitive by NMR. Different approaches mitigate
these problems, including methyl spectroscopy (Ollerenshaw
et al. 2003; Tugarinov and Kay 2005; Chi et al. 2018; Otten
et al. 2010), transverse relaxation optimized spectroscopy
(Pervushin et al. 1997; Weigelt 1998), partial deuteration
and site-specific labeling (LeMaster and Richards 1988;
Ellman et al. 1992; Battiste and Wagner 2000), and reso-
lution enhancement with constant-time evolution (Vuister
and Bax 1992). These approaches often require specialized
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samples to study only a subset of atoms in a molecule, and
may require a priori knowledge of the molecular structure.
Importantly, they may preclude essential structural informa-
tion, such as the distance restraints of perdeuterated mol-
ecules collected through NOESY spectra (Vogeli et al. 2010;
Rieping et al. 2007), which benefits from extensive 'H spin
labeling.

In this article, we present an easily implemented approach
to the resolution enhancement of fully protonated molecules
with NOESY spectroscopy. We achieve average linewidth
reductions of 16-32% (resolution enhancements of 21-47%)
and linewidth reductions as large as 78% to resolve new
cross-peaks not observed in conventional NOESY experi-
ments. These enhancements represent apparent linewidths
that are narrower than the natural linewidth for a given
resonance.

Our approach uses a time-dependent NOE mix period
(,,;,) that increments with the evolution period in the indi-
rect '"H dimension, t;. A NOESY experiment with a linear
time-dependent mixing time was previously reported for the
suppression of J-couplings in spectra (Macura et al. 1982a,
b). However, the aim of those studies was to minimally
change the NOE mix time (ca. 20% of t,,;,) to maintain a
relatively constant NOE cross-peak intensity while suppress-
ing coherent J-coupling transfers. Our approach incorporates
significant changes in the NOE mix time (ca. 300-500% of
t,,i) to utilize the signal buildup of a cross-peak to enhance
its resolution.
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The stNOESY uses two concepts to improve the qual-
ity of spectra. At short ¢; values in the indirect dimension,
the #,,,, is small and close to its initial value. The inten-
sity of a peak is emphasized in the initial evolution of a
time-dependent signal, and the resolution is emphasized
in the later portions. Shorter f,,;, periods are desirable for
accurate NOESY distance restraints because spin diffusion
pathways are minimally expressed in this regime (Bor-
gias et al. 1990; Baleja et al. 1990). Second, at longer ¢,
values, the 7, is significantly increased from its initial
value to utilize the signal buildup of the cross-peak to
enhance resolution. At longer ¢, periods, direct transfer
and spin diffusion pathways continue to transfer magneti-
zation between spins to increase the intensity of cross-
peaks, yet this additional intensity is typically discarded
in favor of greater accuracy for NOE distance restraints.
The stNOESY experiment utilizes this buildup period to
enhance the resolution of cross-peaks while having a mini-
mal impact on the accuracy of cross-peak intensities.

Materials and methods
Sample preparation

A DNA sequence for ubiquitin was subcloned in pET-15b
(Genscript), and the plasmid was transformed into Escheri-
chia coli BL21(DE3) cells (Fisher). Expression of uniformly
5N-labeled ubiquitin was achieved as previously described
(Marley et al. 2001). Bacterial cells were lysed by sonication
in a pH 7.8 buffer containing 50 mM Tris, 500 mM NaCl
and 20 mM imidazole. The resulting slurry was centrifuged
at 70,000 x g for 30 min at 4 °C. The protein solution was
passed through a His-Trap column (GE) with an AKTA Start
FPLC (GE) and eluted with the lysis buffer containing an
additional 250 mM imidazole. The purity of the sample was
confirmed by SDS-PAGE. The folded structure of a 0.8 mM
I5N-labeled ubiquitin sample in 10 mM sodium phosphate,
0.03% NaN; and 7% D,0 at pH 6.6 and 25 °C was confirmed
with an '>’N-HSQC spectrum compared to published chemi-
cal shifts (Cornilescu et al. 1998).

Influenza HAfp expression and purification was achieved
as previously described (Lorieau et al. 2010; Smrt et al.
2015), with a final size-exclusion chromatography step using
a Superdex 75 26/600 PG column (GE). The sample purity
was confirmed with SDS-PAGE and MALDI-TOF mass
spectrometry. The folded structure of 1.0 mM '°N-labeled
HAfp in 30 mM Tris-d,; with q=0.44 bicelles with 44 mM
’H-dimyristoylphosphatidylcholine (*H-DMPC) and
100 mM dihexanoylphosphatidylcholine (DHPC), 0.03%
NaNj;, 10% D,O at pH 7.2 was confirmed with published
ISN-HSQC chemical shifts (Lorieau et al. 2010).
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NMR experiments

NMR spectra were recorded for uniformly '°N-labeled
ubiquitin (10 mM sodium phosphate, 93% H,0/7% D,0O
at pH 6.6 and a temperature of 25 °C) and uniformly
5N-labeled HAfp bound to q=0.44 2H-DMPC/DHPC
bicelles (30 mM Tris-d;;, 44 mM DMPC-ds,, 100 mM
DHPC, 90% H,0/10% D,0O at pH 7.2 and a temperature
of 32 °C). A Bruker AVIII-750 wide-bore spectrometer
equipped with a 'H/'3C/">N TXI 5 mm room temperature
probe was used for all NOESY-HSQC and HAfp-bicelle
SN relaxation experiments. A Bruker AVIII-500 wide-
bore spectrometer equipped with a 'H/'*C/">N TXI 5 mm
room temperature probe was used for ubiquitin '°N relaxa-
tion experiments. Spectra were apodized using a sine-bell
function with an initial value of 0.45xn and a final value of
0.90x, and processed with zero-filling to 1024 points in
the indirect '"H dimension, 512 points in the 5N indirect
dimension, and 2048 points in the direct 'H dimension.

Data analysis

NMRPipe (Delaglio et al. 1995) was used to process all
NMR data, and Sparky (Lee et al. 2015; Goddard and
Kneller 2008) was selected for NOESY peak shape analy-
sis due to its peak deconvolution features. The correlation
times of each system were determined by fitting the N
relaxation rates using FAST-Modelfree within the NMR-
box software suite (Lipari and Szabo 1982a, b; Cole et al.
2003; Maciejewski et al. 2017). The "N R, R, R,, and
{'H}-">N NOE rates were determined for both systems as
previously described (Smrt et al. 2015).

A structure refinement using Xplor-NIH (Schwiet-
ers and Kuszewski 2006) v2.47 with simulated anneal-
ing was performed with the inclusion of published
NOESY distance restraints replaced with data from the
sStNOESY-HSQC spectra in this study. The simulations
matched the published protocols for the structures. Data
for ubiquitin were obtained from PDB ID 1D3Z'® and data
for HAfp were obtained from 2KXA'.

Theory

Cross-relaxation in a homonuclear ['H,'H]-NOESY exper-
iment is governed by large relaxation matrices that couple
the direct transfer of magnetization between two spins as
well as numerous indirect spin diffusion pathways through
local and intermediary spins (Borgias et al. 1990). In the
simplest case, the direct cross-relaxation between two
spins, ‘i’ and ‘s,’ is represented by two coupled different
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equations and a 2 X 2 relaxation matrix (Borgias et al.
1990; Dobson et al. 1982; Vogeli et al. 2009):

dAIL(?)

T — R ;AL(t) — 6,,AS (1)

dAS (1) “
d; = _UiSAIZ(t) - RI’SASZ(I)

AL(1) is the deviation from the Boltzmann equilibrium
magnetization for the diagonal peak and AS (?) is the mag-
netization for the cross-peak. R;; and R, ; are the auto-
relaxation rates for spins ‘i’ and ‘s’, and o is the cross-
relaxation (NOE) rate between spins ‘i’ and ‘s.” These
can be calculated using semi-classical theory and spectral
density functions (J(w)) at spectrometer frequencies ‘®’
(Dobson et al. 1982; Farrow et al. 1994):

4 hz spins

=X 7

)

,i_

4h2 (2)
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o, = I;o &) (6J2wy) — 1J(0))

The gyromagnetic ratio of 'H is represented by y,, and
f is the Planck constant. The <r§> term is the internuclear
distance to the 6th power for spins ‘i’ and ‘s.” The angle
brackets denotes a motionally averaged value over rfs from
internal motions on a picosecond timescale.

For simplicity, we have neglected the contribution of
the 'H chemical shift anisotropy since the '"H-'H dipo-
lar interaction dominates 'H relaxation at the NMR fields
measured (500- and 750-MHz). The spectral density
function, J(nw), may adopt a variety of functional forms
depending on the type and timescale of internal and over-
all motions for a molecule (Lipari and Szabo 1982a, b).
The simplest form is represented by a molecule in solu-
tion that is internally rigid and that tumbles (rotates) iso-
tropically with a correlation time 7., where n represents the
zero, single, or double quantum transitions.

J fe
(nw) = I+ oz )? 3)

In a 750-MHz NMR spectrometer, the zero-quantum
J(0) term dominates the auto- and cross-relaxation rates
when the 7. is above 0.3 ns, representing internally-rigid
molecules larger than approximately 700 Daltons (Schim-
mel 1980). This condition is known as the ‘spin-diffusion’
regime, and it will be used in the analysis of the large,
folded biomolecules in this study. The general principles
of the srNOESY are nevertheless applicable to smaller
molecules.

In the spin-diffusion limit, the auto- and cross-relaxation
rates can be simplified.

o = 711 h2 1
R6
4 h2 spins spins @

== 2%

s=1

Ry = Z < /6
s
v#z S#I
For a large molecule with no internal motion, o, is nega-
tive and the R, rates are positive. These rates represent the
maximum magnitudes for the rates at a given t, and fast
internal motions will reduce their magnitude. Additionally,
the R, ; rate, or rate of transverse relaxation of 'H spin ‘1’, is
evaluated as follows (Farrow et al. 1994):

4 2 spins
Ry, = Z o (9J(ey) + 57(0) + 6J2wp))
u
3#1
5 spins (5)
=-3 Ois
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The R, rates are also positive.

In two-dimensional NOESY experiments, or NOESY
experiments with higher dimensionalities, the contribution
of cross-relaxation and auto-relaxation can be resolved from
cross-peaks, AS_(7), and diagonal peaks, Al (1), respectively.
The coupled differential Eq. (1) can be solved analytically
(Vogeli et al. 2009). For simplicity, we present a solution for
the buildup of the cross-peak magnetization, AS_(¢), when
the auto-relaxation rates, R, ; and R, ;, are approximately
equal (R;;=R; (=R):

AI(r) = cosh(o;,) - exp(—R; 1) - AL (0)

AS (1) = sinh(o;1) - exp(—R, 1) - AI(0) ©
Note that our derivation of Eq. (2) from Vogeli et al.
(2009) reads as follows:

AIZ(I) _ l 1+ Pr — Ps e—,{ ty (1= M e_’1+t
AL©) 2 Ay = A=Al

@)
Initially, the system has an initial magnetization for the
donor spin (A7 (0) # 0) and the cross-peak magnetization is
zero (AS,(0) = 0). In the limit that the auto-relaxation rate is
small or the mix time is short (i.e. R;¢ = 0), the cross-peak
follows a linear buildup, as previously described (Baleja
et al. 1990). At long mixing times, the cross-peak and diago-
nal peak magnetizations reach their Boltzmann equilibrium
values due to the exponential decay, exp(—R, ).
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For a two-dimensional, or higher dimensional NOESY
experiment, the initial magnetization is modulated by the
chemical shift (o) and 'H R, relaxation in the evolution
period prior to the NOE mixing block.

Re{AS, (1,

Im{AS,(

mix>

1)} = cos(wegt)) - exp(—Ryty) - AS,(2,,:,)
1)} = sin(wcgt)) - exp(—=Ryt;) - AS_(¢

mix)

With TPPI or States acquisition modes, the real and imag-
inary components are collected by incrementing the phase
of the first or second NOESY pulse by 90°.

Re{l;(t))} = cos(wegty) - 0(ap + aty) - exp(—Ry ;1 — Ryag —

atl

B ag

Im{7;(2)} = sin(wgty) - 05(ag + a,t)) - exp(—Ry ;t, — Ryay —

To simplify the analytic expression, Eq. (6) can be
expressed in the linear build-up regime for the cross-peak
(AS(?)) using a Taylor expansion for the sinh(o;,¢) function.

AS(1) = oyt - exp(—R; 1) (13)
This function has the same initial time dependence as the
cross-peak function in Eq. (6), yet the function decays more
quickly at longer mixing times. Consequently, the predicted
stNOESY resolution enhancement will be smaller than the
experimental enhancement, using this approximation.

We then evaluate the behavior of the cross-peak in the
stNOESY.

Ryat)) - AL(0)
> ' exp(_RZ,itl - Rlaltl) ' ASnoe

Ryat,) - AL(0) (14)

a;t
= sin(wcs’it1)<1 + %) -exp(—=Ry ;1) — Rja 1)) - AS,,,

0

AS, .. = o,a - exp(=Rq,) - AL(0)

noe

In a normal NOESY experiment, the intensity of the NOE
cross-peak, AS, ., can be evaluated after the first dimension

noe?
and the fixed mix ¢,,;, period.

mix

Re{AS(#))} = cos(west)) - eXp(—R,t)) - AS,,,.
Im{AS(#))} = sin(wgt) - exp(—Ryt)) - AS,,, )
AS,,, = sinh (o-istmix) -exp(—Rt,,;,) - AL(0)

In the srNOESY experiment, the ¢, period depends on
the 7, time period.

N
b = ). ayth (10)

In the conventional NOESY experiment, only the N=0
term is present. In this study, the srNOESY experiment uti-
lizes mixing times with N=1 (linear) and N=2 (quadratic)
time dependencies.

Lix = Ao + a1t (11)
The stNOESY cross-peak likewise evolves for a two-spin

system by combining Egs. (6) and (8):

Re{AS(t))} = cos(wcgty) - sinh(o;ay + o;5a,t)) - eXp(—R,t) — Rjag — Ryaty) - AL(0)

In a conventional NOESY, the cross-peak evolves during
t, and decays exponentially by R,t,. The decay component
can be isolated from Eq. (9).

Dyogsy(t1) = exp(=R,t;) (15)
This function gives the cross-peak a Lorentzian shape.
In the sTNOESY, the cross-peak decay includes the contri-

bution from the NOE build-up. Its contribution to the shape

of the peak and width can also be isolated from Eq. (14).

Dgnogsy(t1) = <1 + a;_:l) “exp(—=Ry;ty — Ryaity)  (16)

The function increases in intensity before a more rapid
exponential decay. The resulting spectrum (Fig. 1) has a
non-Lorentzian lineshape closer to a Lorentz-to-Gaussian
lineshape or the first lobe of an offset sine-bell function.
Differences between the ssNOESY decay function and apo-
dization functions are described in the Discussion.

The diagonal peaks adopt the following form in the
stNOESY experiment, using Eqs. (6) and (8).

12

Im{AS(#))} = sin(wcgt) - sinh(o;,a0 + 6,5a,t)) - exp(=R,t; — Rjay — Rya;t)) - AL(0)

@ Springer



Journal of Biomolecular NMR (2019) 73:105-116

109

A B
_\/\/\/\AAM__‘ 19.5 HZ]
)
< 30.0 Hz
2
‘D
c
“E\/\/\/\/\/\/\M~
£
0 10 20 30 40 50 150 175 200 225 250

time [s] V(*H) [Hz]

Fig.1 Simulation of the a free induction decays (FIDs) and b Fou-
rier transformed spectra for a reference NOESY cross-peak (blue), an
sINOESY cross-peak modeled with Eq. (12) and a sinh(o;,t)e™* func-
tion (orange), and an stNOESY cross-peak modeled with Eq. (14)
and a ot - e~”" function (green). The FIDs and spectra were simu-
lated using a 2-spin system with the following parameters for spin ‘i’:
v=200 Hz, t,.=4.9 ns, R,=30r s™", R;=1.0 s™" and a 6;,=2.0 s~
(rgg=2.2 A). The reference FID was simulated with a 50 ms mix-
ing time, and the stNOESY FIDs were simulated with a;=50 ms
and a;=4. The full-widths at half-height (FWHH) are labeled for
each peak in the FT spectra in panel (b). The FT spectra for the two
srNOESY cross-peaks (green and orange) are identical at this magni-
fication

Re{AS(t))} = cos(wst,) - cosh(o;,ay + 0;,a,1;) - exp(—R,t,
Im{AS(#))} = sin(wgt,) - cosh(o;a + o;,a,t)) - exp(—R,t,

Results

The stNOESY-HSQC pulse sequence (Fig. 2) was
modified from a conventional 'H-NOESY-""N-HSQC
(NOESY-HSQC) to include a 7, that increases with the 'H
evolution period (¢;) according to Eq. (11). The conventional
(reference) NOESY-HSQC used a constant ¢,,;,, and it was
collected with the same parameters and t,; =a,.

Two well-characterized protein systems of very differ-
ent molecular size were selected to validate this method:
ubiquitin (98 amino acids, aa, 10.9 kDa, including a 22
aa N-terminal His, tag) and the influenza hemagglutinin
fusion peptide domain bound to large, isotropically tum-
bling bicelles (HAfp-bicelles, 30 aa with “H-DMPC/DHPC
bicelles at a molar ratio, g, of 0.44). Based on 5N relaxa-
tion experiments (see Fig. S1, Supplementary Information),
the 7, for ubiquitin is 4.25 +0.03 ns at 25 °C and the t_ for
HAfp-bicelles is 18.95+0.14 ns at 32 °C. The calculated
equivalent globular protein molecular weight for the HAfp-
bicelle system is ca. 49.5 kDa, consistent with a 450 aa glob-
ular protein (Cavanagh et al. 2007; Nelson and Cox 2013).
For the enhanced ssNOESY-HSQC of ubiquitin, an a, of 4
with a base NOE mix time (a,) of 50 ms was used, whereas

—Ryay — Rat)) - AL(0)

a7
—Ryay — Rya;t)) - AL(0)

A Taylor expansion for the cosh(o;,#) function shows that
the diagonal decays initially with an exponential function:

AI(t) = exp(—R;1) (18)
In the srNOESY, the diagonal peak decay includes the

additional intensity decay from the NOE transfer:

Dgnogsy (1)) = exp(—R, ;t; — Rja 1)) (19)

Altogether, the sSsNOESY produces sharper cross-peaks
but the diagonal peaks are broader.
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an a; of 2 and a, of 25 ms was employed for HAfp-bicelles.
These parameters were found to be optimal (see Fig. S2, S3,
Supplementary Information), given the difference in 'H R,
between the two systems. For example, an a, of 100 ms for
ubiquitin and 75 ms for HAfp-bicelles only produced mod-
est improvements in resolution (ca. 1-9%) since the cross-
peak intensity is nearer to the decay portion of the evolution,
rather than the buildup. We also tested quadratic functions
for Eq. (10), but we found that linear functions produced the

y
IA4IA4IA4IA4IA5IA5 OBEM

y
I I I Dcpl

G

Fig.2 The stNOESY-HSQC pulse sequence. The pulse sequence is
based on the Bruker NOESY-HSQC pulse sequence (noesyhsqct-
3gpsi3d) with the NOE mixing time modified to increment with the
t; evolution delay in the F; dimension. Thin lines represent hard 90°
pulses and thick lines represent hard 180° pulses. States-TPPI phase
discrimination in F; was achieved by incrementing the phase of the
'H “x/y’ 90° pulse by 90°. Echo-antiecho phase discrimination in F,

A
U

was achieved by incrementing the phase of the >N ‘x/—x’ pulse by
180° and inverting the sign of the encoding gradient, labeled ‘E’. A
WALTZ-16 decoupling scheme was used in collecting the direct
dimension FID (F;) (Shaka et al. 1983). A minimum of eight-steps in
the phase cycle were collected. See the pulse program for phase cycle
and delay details (Kay et al. 1992; Muhandiram et al. 2007)
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Fig.3 Comparison plots of the a—d 'H indirect dimension FWHH
linewidths and e-h log intensity correlations between a reference
NOESY-HSQC and an enhanced sNOESY-HSQC. An a; of 50 ms
and an a; of 4 were used in the ubiquitin experiments, while an a,
of 25 ms and an a, of 2 were used in the HAfp-bicelles experiments.
Visual guide 1:1 lines are shown in gray, and the linear regression
lines (intercept=0) are shown in blue. The red circles represent sin-

best resolution enhancements (see Fig. S3a, Supplementary
Information).

In comparison to a conventional (reference)
NOESY-HSQC, the ssNOESY-HSQC produces average
cross-peak linewidth reductions of 31 + 1% for ubiquitin
and 18 +2% for HAfp-bicelles in the indirect '"H dimension
(Fig. 3a, c). The corresponding resolution enhancement is
45 +2% for ubiquitin and 22 + 1% for HAfp-bicelles. A com-
parison of the linewidths for the 1°N indirect and 'H direct
dimensions (see Fig. S4, Supplementary Information) shows
that both experiments have the same resolution in the other
dimensions. In contrast, the diagonal peaks receive a reduc-
tion in resolution in the indirect 'H dimension with an aver-
age linewidth increase of 24 +2% for ubiquitin and 26 +3%
for HAfp-bicelles (Fig. 3b, d). In principle, the broadened
diagonal peaks could pose a problem for cross-peaks that are
very close to the diagonal, although this was not an issue in
resolving any of the 'HN-'HN cross-peaks in ubiquitin and
HAfp-bicelles.

An average increase in signal intensity was also observed
for the cross-peaks in the ssINOESY-HSQC spectra (Fig. 3e,
g). Similar to the resolution enhancements, the oppo-
site effect is observed for the peaks along the diagonal
(Fig. 3f, h). The average intensity enhancement is 44 + 1%
for ubiquitin and 20 +2% for HAfp-bicelles, while the
diagonal peaks display an average intensity reduction of

@ Springer

gle peaks in the reference experiment that are resolved into two peaks
in the enhanced experiments. For these peaks, average values were
calculated in the enhanced experiment. The 1 —o (68.8%) confidence
interval of the 'H direct dimensions for these two experiment pairs
was calculated and used to estimate the error in (a—d), using esti-
mated linewidth fit errors (see Fig. S4, S5, Supplementary Informa-
tion). The error bars are smaller than the markers in (e—h)

26 +2% for ubiquitin and 29 +2% for HAfp-bicelles. The
stNOESY-HSQC intensities are highly correlated to the
reference NOESY-HSQC (R?>0.97). The improved sensi-
tivity of the SsNOESY-HSQC revealed many new peaks in
comparison to the reference NOESY-HSQC. The reference
NOESY-HSQC had 428 cross-peaks for ubiquitin, whereas
the stNOESY-HSQC had 635 cross-peaks—a total of 207
(48%) more peaks. The reference NOESY-HSQC for HAfp-
bicelles had 119 cross-peaks, while the ssNOESY-HSQC
had 136 cross-peaks peaks—a total of 17 (14%) more peaks.

Most of the new peaks in the sSsNOESY-HSQC (162 for
ubiquitin and 14 for HAfp-bicelles) can be identified from
a conventional NOESY-HSQC with a longer mixing time.
The remaining 45 new peaks for ubiquitin and 3 new peaks
for HAfp-bicelles were resolved by the enhanced resolution
of the sSsNOESY-HSQC (red points in Fig. 3). The fewer
number of new peak assignments is expected for HAfp-
bicelles because HAfp is a small molecule with nearly all
of its resonances already resolved, even though the HAfp
complex with bicelles is a significantly larger system. New
peaks represent either new assignments, or J-couplings
in the case of ubiquitin. Visible examples of the resolution
enhancements for both cases can be seen in the matched
contour plots for each protein (Fig. 4). For ubiquitin, new
assignments were found for V5 HY! and H"?, G10 H*? and
H*, L15 H* and V17 H%, K27 H®? and H%, and Q41 H?? and
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Fig.4 Selected contour plots of cross-peaks from the reference
NOESY-HSQC (left) resolving into two peaks in the enhanced
stNOESY-HSQC experiment (right). L73 H® shows a resolved
Ju-coupling whereas other contour plots represent the deconvolu-
tion of two discrete spins. Contour plots were prepared by summing
the >N dimension over its FWHH. The lowest contour represents the
FWHH. The NOE peaks were identified from literature assignments
(Cornilescu et al. 1998; Lorieau et al. 2010)

HP. Resolved peaks in the HAfp-bicelle system include G8
H*? and H*, 16 H? and H"'2, M17 H" and 118 H"'%. Matched
contour plots, with accompanying 'H cross sections, for all
occurrences of resolved peaks in the SsNOESY-HSQC can
be found in the SI (see Fig. S6-S9, Supplementary Infor-
mation). Cross-peaks were assigned from literature chemi-
cal shifts and strips from the stNOESY-HSQC spectra
(Cornilescu et al. 1998; Lorieau et al. 2010).

The distance restraints were calculated using calibration
plots as described in the SI (see Fig. S10, Supplementary Infor-
mation) and Discussion below. They were plotted to compare
their accuracy with the reference experiment (Fig. 5a, b). Intera-
tomic 'H-'H distances from the reference NOESY-HSQC and
enhanced ssNOESY-HSQC are highly correlated (R*>0.99),
with linear regression slopes of 1.002 +0.003 for ubiquitin
and 1.006 +0.008 for HAfp-bicelles. The conventional and
enhanced experiments yield the same distance restraints.

Ubiquitin | HAfp-bicelles

N w » (&)
L L L
®
N w BN
L 1 L

Enhanced Restraint [A] >

o

IIIIIOII
0 1 2 3 4 5

Reference Restraint [A]

Fig.5 Comparison of calculated distance restraints for the refer-
ence NOESY-HSQC and the enhanced srNOESY-HSQC for a
ubiquitin and b HAfp-bicelles. Shaded regions represent the 1—oc
(5.3% and 6.2%, ubiquitin and HAfp, dark gray) and 2—o (12.2%
and 16.1%, ubiquitin and HAfp, light gray) confidence intervals for
the data. Error bars represent the error in the peak intensity propa-
gated through the distance calibration. The solution NMR structures
are shown for ¢ ubiquitin and d HAfp generated with the inclusion
of restraints from the enhanced stNOESY-HSQC. The original
NMR restraints were obtained from the protein data bank (PDB IDs:
1D3Z'"® and 2KXA'%), and matched NOE restraints were replaced
with those from the enhanced stNOESY-HSQC in an XPLOR-NIH
refinement

We refined the structures of ubiquitin and HAfp with the
distance restraints from the ssNOESY-HSQC (Fig. 5c, d).
The structures are superimposable to the published struc-
tures. The backbone heavy-atom root mean square deviations
between our refined structures and the previously published
structures are 0.24 A and 0.10 A for ubiquitin and HAfp,
respectively (Cornilescu et al. 1998; Lorieau et al. 2010).
The refinement statistics show that structures calculated
from stNOESY-HSQC restraints have a comparable accu-
racy to published values (see Tables S1 and S2, Supplemen-
tary Information).

Discussion
Optimal parameters and molecular size
According to Eq. (16), the reduction in peak linewidth and

the degree of resolution enhancement depends on the a, and
a, parameters as well as the "H R, rate of spins (Fig. 6).
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Fig.6 Simulation of the ap=15ms apg =50 ms ap =150 ms
stNOESY cross-peak FWHH as
a function of the a,-factor, the 30 1 30 1 ,_‘\’_‘_.// 301 ‘<.‘:'/(
effective 'H R, and the NOESY
mix time (a). The NOE rate = 251 251 \\\\
was kept fixed at 6,,=2.5 s~ L.on | 1 1
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ap=25ms ag=50ms cross-peaks. Nevertheless, shorter a;, values in the SsNOESY
10 experiment can be used in comparison to the t_;, times in
_ 87 : 09 s a conventional NOESY because cross-peaks have greater
g 6] | L 0.8 ‘:g) intensity in the sSrtNOESY experiment.
u‘l_i 4] | | 0_7§£ In selecting optimal a; and a; parameters, we suggest
© S using an a, value that is short enough to give good cross-
21 1 (0.6 peak intensity (5-20% of the diagonal intensity) and still in
0 T T 0.5 the NOE linear build-up regime, then selecting the optimal
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Fig.7 Simulated optimal a;-factors and linewidth reductions at the
FWHH as a function of the molecular tumbling time, 7. Simulations
were conducted for an a;, of 25 ms and 50 ms, which are optimal for
large and mid-size molecules, respectively. Simulations were con-
ducted using Eqgs. (4), (5), (9) and (12). The 'H R, was made equal to
the modeled NOE, o;, and the 'H R, was made equal to 2.5 oy T s7!

ij

Generally, larger systems have longer tumbling times and
larger R, rates, and they require shorter a; and smaller a,;
parameters to achieve maximum resolution enhancement.

Ideally, a resolution enhancement scheme would improve
or remain unchanged as the size of the molecular system
increases. Resolution enhancements were observed for
the two protein systems in this study, but a less significant
improvement was observed for the larger HAfp-bicelle sys-
tem. The resolution enhancements are smaller for larger sys-
tems because the degree of enhancement does not depend on
the tumbling time, whereas the linewidths of cross-peaks are
directly proportional to the tumbling time. For this reason,
the degree of enhancement is reduced for larger systems
where it would be most useful. In our case, the reduction
in average linewidth is reduced from 31+ 1% for ubiquitin
to 18 +2% for HAfp-bicelles. This reduction in resolution
enhancement can be attributed to the increase in the R rate,
which also increases proportionally with the size of the
molecular system.

The simulations in Fig. 7 shows the optimal a; and a,
parameters for different rotational tumbling times, ... For the
best resolutions, the a, parameter should be as short as pos-
sible. However, shorter a,, values also reduce the intensity of

@ Springer

a, parameter for a given t, with Fig. 7 as a guide. The selec-
tion of an a, parameter that is too long and near the NOE
intensity maximum will produce cross-peaks with linewidths
that are larger than the conventional NOESY experiment,
according to Eq. (16).

For molecules with tumbling times up to 10 ns (ca.
24 kDa), an a; of 50 ms can be used with an a; parameter
selected from Fig. 7. For molecules with tumbling times
of 10-20 ns (up to ca. 58 kDa), an a; of 25 ms will pro-
duce greater resolution enhancements. Shorter a;, values are
more complementary to larger molecular systems because
the NOE transfer is much more efficient for larger t, values
(Eq. (4)).

The reduced resolution enhancement for larger systems
could also be circumvented, in part, with partial deuteration.
Partial deuteration decreases the density of 'H spins, thereby
reducing the linewidths of 'H peaks as well as spin diffusion
pathways (LeMaster 1989). The principal drawback to partial
deuteration is a reduction in 'H signal intensity. However,
the lower abundance of 'H spins is partially compensated
by the increase in intensity from sharper peaks (Kalbitzer
et al. 1985). The srNOESY experiments would achieve an
additional resolution enhancement through a reduction in the
'HR, rate. A smaller 'H R, rate would enable larger a, and a,
parameters and greater resolution enhancements.

Information content of the srNOESY lineshape

The stNOESY cross-peak does not contain more informa-
tion than the NOESY cross-peak at maximum intensity. Fig-
ure 8a shows the predicted cross-peak buildup using Eq. (6).
A short mixing time (t blue dashed lines) is typically

short>
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Fig.8 Comparison of the simulated intensities and FIDs for NOESY
cross-peaks at a short mixing time (blue), a cross-peak at a mixing
time with maximum intensity (orange) and a stNOESY cross-peak
(green). a Simulation of the cross-peak build-up as a function of the
NOE mixing time for a cross-peak between two 'H spins with an
NOE rate (c;) of 1.9 s™" and the 'H R, of 2.5 s™'. The NOE build-up
was modeled with Eq. (6). b The simulated FIDs in the t; dimension

selected in a conventional NOESY since the cross-peak
intensity more accurately encodes the distance between two
'H spins (Neuhaus and Williamson 2000). At longer mixing
times, the NOE cross-peak reaches a maximum intensity
(tmax- Orange dashed lines), and the peak intensity encodes
the R, of the spin. The corresponding FIDs (Fig. 8b) in t; are
shown in panel B. Without noise, the information content of
the FID at ty ., (blue) and the FID at t,, (orange) would be
the same. However, both FIDs are subject to experimental
noise, and consequently, the FID at t_, contains more line-
shape information. This can be seen in the larger amplitude
oscillations later in the FID.

Likewise, the corresponding stNOESY cross-peak
(green) encodes the distance between spins in its intensity,
yet it also contains much of the resolution information from
the FID at t,,,, with the larger amplitude oscillations later in
the FID. The stNOESY cross-peak contains more lineshape
information than the FID at tg, ., yet it still contains less
information than the FID with t_,,.

Comparison to apodization

Apodization is the process of scaling an FID signal with a
function to emphasize different regions of the time-domain
data. The scaling function is convolved in the Fourier trans-
formed spectrum to change peak shapes and emphasize
either the signal-to-noise or the sharpness of peaks. Apo-
dization functions generally fall under two classes: signal
enhancing, using functions like an exponential decay or a
Gaussian function, and “resolution enhancing,” using Lor-
entz-to-Gauss window functions or the first lobe of an offset
sine-bell function. The former sacrifices peak widths for an
increased signal-to-noise ratio whereas the latter sacrifices
signal-to-noise to improve peak linewidths. In either case,

Time [ms]

100 150 200 250 300
Frequency [Hz]

20 30 40

for the cross-peak at a short mixing time (blue, ty =50 ms), the
cross-peak with maximum intensity (orange, t.. =406 ms) and the
stNOESY crosspeak (green, a;=>50 ms and a; =4). A random Gauss-
ian noise equal to 10% of the initial FID t,,, intensity (1 —o) was
added to each FID. The FIDs were simulated with an R, of 25157, ¢
The corresponding Fourier transformed spectra of the simulated FIDs
without apodization

apodization only impacts the appearance of the Fourier
Transformed spectrum.

As long as noise is non-deterministic in an existing
dataset, mathematical operations, including apodization,
cannot introduce new information in the dataset. “Resolu-
tion enhancing” apodization is a misnomer since the reso-
lution of peaks, to potentially introduce new peaks, is not
achieved. A more accurate term would be “peak sharpening”
apodization. An experimental procedure only enhances the
resolution if it can resolve new features in the dataset. For
example, a mathematical procedure that replaces peaks with
delta-functions may appear to have infinite resolution, yet no
new peaks are resolved by this process.

Conceptually, the resolution enhancement of the
stNOESY experiment may appear analogous to peak
sharperning apodization. However, the ssNOESY experi-
ment will contain more lineshape information than the con-
ventional NOESY experiment if both are collected in the
linear, short mixing time regime. To get analogous spectral
information from a conventional NOESY, the NOESY must
be collected near the cross-peak intensity maximum with an
aggressive peak sharpening apodization scheme. The draw-
back of this approach is that the cross-peak intensity does
not accurately encode the distances between 'H spins.

Figure 9 demonstrates contour plots for the cross-peak
lineshapes of ubiquitin using the conventional NOESY and
the stNOESY with a short mixing time (t,;;, and a; of 50 ms)
and a conventional NOESY collected with longer t;, that
is closer to the NOE maximum (t,;, of 250 ms). The con-
ventional NOESY with a longer mixing time and aggressive
apodization was able to resolve 18 of the 45 newly resolved
peaks from the sSsNOESY experiment (see Fig. S6, Supple-
mentary Information).

For D21H?, the peak appears broadened in the conven-
tional NOESY with a short t_;.. The sSsNOESY resolves the

mix*
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Fig.9 Contour plots from a conventional NOESY-HSQC
(tmix=50 ms), a conventional NOESY-HSQC with a long mixing
time (t,,;, =250 ms) and a peak sharpening shifted sine-bell window
apodization function, and a srNOESY-HSQC (a;=50 ms, a;=4).
Contour plots are presented from the ubiquitin datasets with other-
wise matched experimental conditions. From left to right for L73 H%,
the FWHH of the peaks are 27.3, 24.1, 12.6 and 10.3 Hz. From left to
right for D21 H™, the FWHH of the peaks are 30.1, 20.8, 13.6, 19.9

splitting of the two peaks, which is also recovered in the con-
ventional NOESY with a long mixing time and aggressive
peak sharpening apodization. By contrast, L73H® remains a
singlet in both conventional NOESY experiments while the
stNOESY is able to resolve two peaks for this assignment.
This is likely due to a reduced R,  for this spin, as it is in
the dynamic C-terminal tail of ubiquitin. In this case, the
tmix Would have to be increased substantially from 250 ms
to resolve the doublet in the conventional NOESY. How-
ever, increasing the t,;, could decrease the intensity of other
cross-peaks, and it would further reduce the accuracy of the
NOEs. Different peaks will also have different R g rates,
and they will experience maxima at different t ;, values.
Consequently, a single t_;, may not be used to achieve the
best resolution of all peaks in a conventional NOESY.

Lineshape and the effect of spin diffusion

Spin diffusion adversely impacts the accuracy of NOE dis-
tances, and it is manifested at longer NOE mixing times.
We characterized the extent of spin diffusion in our data by
plotting the relationship between the cross-peak intensity
and the internuclear distance (see Fig. S10, Supplementary
Information) from reference structures (Cornilescu et al.
1998; Lorieau et al. 2010).

log(AS) = —mlog ry+C (20)
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and 11.2 Hz. The conventional NOESY-HSQC with short mixing
time and the ssINOESY-HSQC were processed with a first-order sine-
bell window with initial value of 0.45x and a final value of 0.90x. The
NOESY-HSQC with a long mixing time was apodized using a first-
order sine-bell window with initial value of 0.375x and a final value
of 1.0m. All apodization functions were applied using the NMRPipe
software package (Delaglio et al. 1995)
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Fig. 10 Comparison of the simulated a sSs(NOESY crosspeak FID and
b corresponding FT spectra for ssNOESY cross-peaks with a linear
NOE buildup (blue) and a cubic (green) NOE buildup

In the absence of spin diffusion, the slope of the plot, m,
should have a value of — 6, following Eq. (2). Spin diffusion
and relaxation increase the value of this slope. For cross-
peaks with high intensity and short r; distances, the con-
tribution from the direct 2-spin transfer tends to dominate
the cross-peak intensity. For more distant spins, the cross-
peak intensity is much smaller, and spin diffusion pathways
contribute more intensity to the cross-peak relative to the
direct 2-spin transfer. Consequently, distant spins appear
to have shorter internuclear distances and the experimental
slope in Eq. (20) is more positive than — 6. With ubiqui-
tin as an example, we calculated a slope ‘m’ of —3.6+0.1
from the conventional NOESY-HSQC and a slope of
—3.4+0.1 from the ssNOESY-HSQC. The more positive
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slope of the s NOESY-HSQC indicates that the internuclear
distances are subject to spin diffusion contamination to a
slightly greater extent. This effect is unsurprising because
the s'NOESY-HSQC increases the mixing time throughout
the experiment. The contribution of spin diffusion can be
corrected using this procedure.

Additionally, the impact of spin diffusion was not directly
observed in the peak line-shapes from the sSsNOESY-HSQC.
In theory, cases with strong spin diffusion pathways may
appear distorted if a short a, parameter is selected. A simu-
lated example is presented in Fig. 10. The blue FID and
FT spectrum represents the stNOESY cross-peak for a lin-
ear NOESY buildup, characteristic of a 2-spin transfer, and
the green FID and FT spectrum represents a cubic NOESY
buildup, characteristic of spin diffusion. The spin-diffusion
FID increases significantly in intensity before its decay, pro-
ducing a lineshape with a distorted baseline. Peaks near this
distorted peak will have a diminished intensity.

The srtNOESY-HSQC peaks do not appear to have this
distortion (see Fig. S8, S9, Supplementary Information).
Though we did not observe these distortions in our spec-
tra, their appearance would be avoided by increasing the a,
parameter in the experiment.

Conclusions

We have shown that a simple modification to the NOESY
pulse sequence can improve the resolution of spectra while
maintaining the accuracy of distances from a conventional
NOESY experiment. Resonances are resolved with reduced
linewidths, and new peaks can be identified. The resulting
spectra are greatly enhanced, without the use of costly iso-
topic labeling schemes. The enhancement is more modest for
larger systems, yet the sSsNOESY experiment still presents a
useful increase in resolution for both small and large systems
to resolve new peaks. The ssNOESY pulse program is simple
to implement, effective for fully protonated molecules, and
readily applied with current technology.
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